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Abstract
For linkage analysis in affected sibling pairs, we propose a regression model to incorporate
information from a disease-associated single-nucleotide polymorphism located under the linkage
peak. This model can be used to study if the associated single-nucleotide polymorphism marker
partly explains the original linkage peak. Two sources of information are used for performing this
task, namely the genotypes of the parents and the genotypes of the siblings. We applied the
methods to three significantly disease-associated single-nucleotide polymorphisms and five
microsatellite markers at the end of chromosome 3 of replicate 1 of Aipotu population. Two out
of five of the microsatellite markers showed a LOD score higher than 3. The question to be
answered was whether one of the single-nucleotide polymorphisms partly explains these high LOD
scores. We did not have the answers when we analyzed the data.
Background
When a region of interest is identified by a linkage study,
one may proceed by typing single-nucleotide polymor-
phisms (SNPs) in the region and test whether these SNPs
are associated with the outcome. If a SNP is significantly
associated with the outcome, the question arises whether
the identified SNP partly explains the original linkage
peak. For quantitative traits observed in randomly
selected siblings, Beekman et al. [1] proposed that a
regression of each sibling pair's phenotype should be per-
formed on their genotypes at the SNP locus and then a
linkage analysis should be performed on the microsatel-
lite markers using these residuals. If the SNP indeed
explains the linkage peak, the original peak should
become lower or even disappear. For a design consisting
of only affected sibling pairs, this approach cannot be fol-
lowed because of homogeneous phenotypes. However,
one can study whether the linkage signal depends on the
siblings' genotypes for the associated SNP.
Li et al. [2] proposed to assign a weight to each affected
sibling pair according to their SNP genotypes and then
test whether these weights are correlated with the scoring
function Spairs at a microsatellite marker [3]. For an addi-
tive SNP effect, they proposed to use a weight propor-
tional to the total number of risk alleles carried by the
affected sibling pair. They showed that for sibling pairs
this weight is uncorrelated to the number of alleles shared
identically by descent (IBD). A strong correlation between
these weights and Spairs [3] indicates the associated SNP
may partly explain the linkage signals at the microsatellite
markers.
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Another source of information is the SNP genotypes of the
parents. When both parents are homozygous for the SNP,
the SNP genotypes of the affected siblings are fixed (non-
random). In the extreme situation of one causal SNP or a
SNP in complete linkage disequilibrium (LD) with the
causal SNP, the IBD status at the microsatellite marker is
not informative for transmission from parents
homozygous for the SNP to affected offspring at the SNP
locus. Hence the IBD probabilities of affected offspring of
these parents are the probabilities under the null hypoth-
esis. On the other hand, for affected siblings with hetero-
zygous parents, the IBD status at the microsatellite marker
is informative for transmission of the risk allele to the
affected offspring. The risk allele will be most likely trans-
mitted to the affected offspring and hence the allele at a
linked microsatellite marker with the same grandparental
origin will likely be transmitted. Based on this argument,
Dupuis and Van Eerdewegh [4] proposed a test statistic to
compare the linkage signal from offspring of homozygous
parents with the linkage signal from offspring of hetero-
zygous parents. When a significant difference exists, it can
be concluded that the SNP partly explains the linkage
peak.
As an alternative to the approaches of Dupuis and Van
Eerdewegh [4] and Li et al. [2], in this report we propose
the use of a regression model including a covariate that is
based on the genotypes of the parents and of the siblings,
respectively [5]. The advantage of using a regression
model is that parameter estimates are obtained and that in
these models other covariates (e.g., age, sex, and other
known candidate genes) can easily be included. For exam-
ple Holmans [6] showed that inclusion of known suscep-
tibility genes may increase the power of linkage studies.
We apply this approach to investigate whether the linkage
signals at the end of chromosome 3 can be partly
explained by one of the associated SNP.
Methods
Olson [5] showed that the likelihood ratio (LR) of Risch
[7] could be written as the likelihood ratio corresponding
to a mixture of conditional-logistic models. For a sibling
pair j,
with αi the prior probabilities that a sibling pair shares i
alleles IBD and fij the IBD status at the marker locus for
sibling pair j. If the IBD status cannot be derived with cer-
tainty, fij are the posterior weights. The parameter β0 is set
to zero to avoid nonidentifiability. Depending on the
underlying genetic model, constraints may be set on β1
and  β2. Here, we use an additive model, i.e.,
. This parameterization corresponds to
the following relationship for the IBD sharing in the
affected sibling pair: z0 = 0.25 , z1 = 0.5, and z2 = 0.5 -
0.25 . By using the parameterization proposed by
Olson [5], centralized covariates x can be easily be added
to LR (1):
Under the additive model the IBD sharing in the affected
sibling pair depends on the covariate x:  z0(x) =
0.25 , z1 = 0.5 and z2(x) = 0.5 - 0.25 . Note
that LR (2) is an overall test of linkage, i.e., it tests the null
hypothesis of β1 = δ = 0 versus the alternative. The differ-
ence between LR (2) and LR (1) can be used to test the
model with the covariate x versus the model without x,
i.e., the null hypothesis of δ = 0.
To verify if an associated SNP explains partly the linkage
peak, we can incorporate the indicator function as a cov-
ariate. The indicator function is defined as one if both par-
ents are homozygous for the SNP and zero otherwise.
Thus the centralized x is this indicator function minus its
mean µ in the sample. Note that µ is the frequency of sib-
ling pairs with parents homozygous for the SNP. If δ is
zero the IBD sharing at the microsatellite is similar in off-
spring with homozygous parents to offspring with at least
one heterozygous parent and the SNP does not explain
the linkage peak at all. For δ < 0, the sharing of marker
alleles IBD is higher in siblings with at least one parent
heterozygous for the SNP compared with offspring of par-
ents homozygous for the SNP. If δ is significantly smaller
than zero, it can be concluded that the SNP partly explains
the linkage peak.
If the genotypes of the parents are not available, the gen-
otypes of the siblings can be used. We can study if the
sharing of marker alleles IBD depends on the siblings'
genotypes. We propose to use the centralized number of
carried 'risk' alleles by the sibling pair as covariate x. Thus
x is the number of risk alleles, which varies from 0 to 4,
minus its mean in the sample of affected sib pairs. By
doing so, we assume an additive model for the SNP [2],
i.e., a multiplicative effect in the number of risk alleles on
genetic relative risk. Again, if δ is zero the SNP does not
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explain the linkage peak at all. For δ > 0 the IBD sharing is
higher in siblings who carry a high number of risk alleles
and for δ < 0 the IBD sharing is higher in siblings who
carry a low number of risk alleles. The models were fitted
using the package SAGE 4.5 [8]. P-values smaller than
0.05 were considered to be statistically significant.
Results
We applied the methods to the SNPs B03T3056,
B03T3057, and B03T3066 and the five microsatellite
markers at the end of chromosome 3 using replicate 1 of
population Aipotu. This region was identified by perform-
ing linkage analysis of the micro-satellites using the
affected sibling pairs from several replicates (see also Hsu
et al. [9]). In replicate 1, a single point LOD score of 4.51
and of 3.06 were obtained for marker D3S0124 and
marker D3S0127 respectively. Now Putter et al. [10] and
Hsu et al. [9] identified three SNPs associated with the
outcome in this replicate (B03T3056, B03T3057, and
B03T3066) using an additive model. The associated vari-
ants are common and have allele frequencies of 0.64,
0.43, and 0.61 in controls. When adjusting for multiple
testing, only SNP B03T3056 was significant [9].
To determine whether any of these SNPs partly explains
the original linkage peak, we included the indicator func-
tion of both parental genotypes being homozygous as
covariate in the model. The results are given in Table 1.
The LOD scores were only slightly increased. For SNP
B03T3056, which was most promising based on the asso-
ciation analysis, offspring of homozygous parents
appeared to share more alleles IBD than offspring of het-
erozygous parents at all microsatellite markers. The esti-
mate of the parameter δ at marker D3S0127 was   = 0.56
(standard error of 0.89).
Second, we considered the genotypes of the siblings as
covariates. In line with the approach papers of Hsu et al.
[9] and Putter et al. [10], an additive model was assumed
for the SNP (see also [2]) and the covariate x was the cen-
tralized sum of the number of risk alleles carried by the
sibling pair. The results are also given in Table 1. Adding
B03T3056 to the model increased the LOD score signifi-
cantly by 1.1 for marker D3S0127 (P = 0.02,   = 0.36).
The LOD score at D3S0124 increased only by 0.64.
Including the other SNPs in the model increased the LOD
scores only slightly.
Finally we added the covariate based on the parental
B03T3056 genotypes to the model in addition to sibling's
B03T3056 genotypes. For the microsatellite marker
D3S0127, the LOD score increased by 0.14. The corre-
sponding estimate for the sibling's genotype was similar
to the first estimate (  = 0.34) and the estimate for the
parental genotype was smaller but still positive (  =
0.21).
Discussion
In the original affected sibling pair linkage study, micros-
atellite markers D3S0124 and D3S0127 showed LOD
scores above 3. In association analyses [9,10], SNP
B03T3056 was highly significantly associated to the dis-
ease and B03T3057 and B03T3066 showed some signifi-
cant association. In this paper, we modelled the IBD
ˆ δ
ˆ δ
ˆ δ
ˆ δ
Table 1: Single-point LOD scores at five microsatellite markers at the end of chromosome 3.
Model and SNPs Chromosomes
D3S0123 D3S0124 D3S0125 D3S0126 D3S0127
Null model (linkage only)
l1
a l1 l1 l1 l1
1.65 4.51 0.41 1.97 3.06
Including parental SNP genotypes
l2 – l1
c l2
b l2 – l1 l2 l2 – l1 l2 l2 – l1 l2 l2 – l1 l2
B03T3056 0.33 1.98 0.22 4.73 0.10 0.51 0.42 2.39 0.25 3.31
B03T3057 0.00 1.65 0.02 4.53 0.04 0.46 0.02 1.99 0.03 3.09
B03T3066 0.17 1.82 0.03 4.54 0.11 0.54 0.00 1.97 0.42 3.48
Including siblings' SNP genotypes
l2 – l1
c l2
b l2 – l1 l2 l2 – l1 l2 l2 – l1 l2 l2 – l1 l2
B03T3056 0.60 2.25 0.64 5.15 0.02 0.43 0.18 2.15 1.10 4.16
B03T3057 0.81 2.46 0.13 4.64 0.17 0.58 0.49 2.46 0.11 3.17
B03T3066 0.78 2.43 0.39 4.90 0.66 1.07 0.10 2.07 0.15 3.21
al1is LOD score under linkage only (one degree of freedom)
bl2is LOD score for linkage including SNP genotypes (two degrees of freedom)
cl2 – l1is LOD score for comparing model with SNP genotypes to model without SNP genotypes (one degree of freedom)BMC Genetics 2005, 6:S46
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sharing at the two microsatellite markers and three neigh-
boring microsatellite markers as a function of these SNP
genotypes of the parents and of the sibling's genotypes.
Only including the number of risk alleles of B03T3056
carried by the two siblings as covariate in the linkage anal-
ysis of marker D03S0127 increased the LOD score signifi-
cantly (LOD score of 1.1, P = 0.02). From this analysis we
conclude that only B03T3056 significantly explained a
small part of the linkage signal. Other unknown genetic
factors, probably in LD with B03T3056, are likely to be
present in this region.
Including the parental B03T3056 genotypes in the linkage
analysis of marker D3S0127 increased the LOD score only
with 0.25. Siblings of parents homozygous for the SNP
even showed higher IBD sharing than siblings with at least
one heterozygous parent. This result is somewhat unex-
pected and not in line with the significant result when
using the sibling's genotypes of this SNP as covariate in
the linkage analysis of marker D3S0127. To disentangle
association signals using SNP genotypes of the siblings
and of the parents, extended modelling will likely be
needed. More research in this area will be fruitful in
understanding the phenomenon observed in this data
analysis.
For situations in which the SNP genotypes of the parents
are indeed significant, the question arises whether resid-
ual linkage exists, i.e., whether the SNP explains all genetic
variation in this region. When the SNP is the only causal
factor in the region or in complete LD with the causal fac-
tor, the IBD sharing for offspring of parents homozygous
for the SNP should be similar to the probabilities under
the null hypothesis of no linkage. A statistic could be for-
mulated to test this null hypothesis. However, our analy-
sis of parental genotypes does not support this hypothesis
and therefore we did not perform such an analysis for
residual linkage in these data.
This paper is a first attempt to combine the information
available in genotypes of the parents, the siblings, and the
IBD status at a microsatellite marker to better understand
the role of a significantly disease-associated SNP. After
knowing the answers, the conclusion that B03T3056 only
partly explained the linkage peak and that other unknown
factors are present in this region was correct. In this sense
the proposed method appeared to work well. However,
more research will be needed to study the statistical prop-
erties and assumptions of the method.
Conclusion
We conclude that SNP B03T3056 only partly explains the
original linkage peak. Other unknown genetic factors are
probably present in this region. The models of Olson [5]
can be used to study whether a SNP indeed explains the
original linkage peak. More research is needed to better
combine the various sources of information.
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